ABSTRACT This paper explores the transitional states that bridge the gap between nuclear quiescence and mitogenesis. It presents evidence for the formation of a committed but prereplicative state. Quiescent murine Swiss 3T3 cells were exposed to an external mitogenic stimulant (epidermal growth factor or excess serum) and simultaneously to a synchronizer which inhibits entry into the S phase. Thus, the cells were stimulated to synthesize DNA, but the normal replicative response to this stimulus was blocked. The block to DNA replication was removed at varying times after removal of the stimulant. Experiments were done to monitor the decay ofcommitment to DNA synthesis after removal of the external stimulant. This decay turned out to be a first-order process. The half-life (time required for loss of the commitment to DNA synthesis in half of the initially sensitized cells) was found to be approximately 5 hr. The same result was found whether total DNA synthesis or individually replicating cells were measured and was independent of the type of external growth stimulant or blocker used. These results point to the existence, on the mitogenic pathway, of a committed but prereplicative state. The committed state appears to represent a unit or global property of the whole cell rather than, for example, a critical concentration of some active inducer molecule because the latter would display multi-hit decay kinetics rather than the single-step lability actually observed.
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A fundamental property ofmulticellular eukaryotes is their ability to regulate the frequency of DNA replication and cell division (1, 2) . Normal animal cells make a choice between proliferation and quiescence when they reach G1 phase of the cell cycle, and this choice is influenced by various external factors including cell density, direct cell-cell contact, and concentrations ofhormones, growth factors, and nutrients (3) (4) (5) . Specific cell surface molecules transmute these diverse external mitogenic information into internal modulatory signals (6) (7) (8) (9) (10) . The nature of the internal signals that commit a cell to DNA replication is unclear. The present paper attempts to probe the problem of nuclear commitment.
Recent studies (11) (12) (13) have suggested that entry into the S phase of the cell cycle may depend upon the induction oflabile proteins-i.e., when the intracellular concentrations of these proteins are sufficiently high, the cells are able to initiate.DNA replication and enter into the S phase. Induction of such proteins in normal cells is determined by, the presence of soluble external effectors (6, 14) and also by cell shape and architecture (15) . These labile initiator proteins may or may not form a part of the final cellular state that represents commitment.
Studies on the in vivo decay of DNA synthetic activity in sensitized cells may provide insights into the nature ofthis ultimate committed state. The present paper describes such an in vivo kinetic approach toward understanding commitment. The resuits have led to the formulation of a model for commitment which is discussed here. The committed state appears to be a unit or global property of the whole cell rather than, for example, a critical concentration ofsome active inducer molecule.
MATERIALS AND METHODS
Materials. Hydroxyurea and unlabeled thymidine were from Sigma.
[3H]Thymidine (20 Ci/mmol; 1 Ci = 3.7 X 101s becquerels) was a product of New England-Nuclear. Calf serum (fetal and newborn) was from GIBCO. Murine epidermal growth factor (EGF) was purified as described (16 DNA Synthesis. Incorporation of [3H]thymidine into DNA by cell monolayerswas determined as described (8) . Cell monolayers in 16-mm dishes were incubated at 370C for 1 hr with [3H]thymidine (1 /uCi/ml; 1.5 Ci/mmol) in 0.5 ml of DME medium containing 2% fetal calf serum. At the end of incubation, the cell monolayers were washed twice with 0.15 M NaCV 10 mM Tris-HCl,. pH 7.4, and incubated at 40C for 20 min with 1 ml of5%.trichloroacetic acid. The acid-insoluble radioactivity sticking to the, culture dishes was washed once with 5% trichloroacetic acid and twice with methanol. The insoluble material was then dissolved with 0.5 M NaOH, neutralized with HCl, and assayedcfor radioactivity in a xylene-based scintillation fluid.
Nuclear Labeling; by Autoradiography. For determination of nuclear labeling index (17) , cells grown on glass coverslips were incubated with [3H]thymidine (0.5 uCi/ml; 1.5 Ci/ mmol) as described in the legends for Figs. 3 and 4. At the end of incubation, the monolayers were washed twice with 0.15 M NaCV10 mM Tris'HCl, pH'7.4, and fixed in methanol at 40C for 5 min. The coverslips were air-dried, mounted on glass slides, and then treated withNTB2 emulsion (Kodak). After a 24-hr incubation in the dark, the slides were developed and fixed. Labeled nuclei were visualized as spots containing at least five dark grains. The unlabeled nuclei were stained with hematoxylin (Fisher). For each determination of percentage labeled nuclei, at least 400 cells were counted. Increasing the development time from 24 hr to 48 hr did not significantly increase the nuclear labeling index under these experimental conditions.
Abbreviations:'EGF, epidermal growth factor; DME medium, Dulbecco's -modified Eagle's medium.
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Proc. Nad Acad. Sci. USA 78 (1981) RESULTS For determining the rate of inactivation of the induced DNA synthetic ability, the quiescent cells were exposed for 15 hr to both a mitogenic stimulant. (excess serum or a mitogenic hormone) and a synchronizer which caused arrest at the G1/S interphase (hydroxyurea or excess thymidine). Thus, the cells were stimulated to become committed to synthesize DNA, but the replicative expression ofthis commitment was blocked. The block to DNA replication was removed at varying times after removal of the stimulant. These experiments, therefore, af-. forded a means for determining the decay of commitment to synthesize DNA after removal of the external stimulant. tures of Swiss 3T3 cells in 1,6mm dishes were incubated at 370C for 15 hr. with 1.7 nM murine EGF and 2 mM hydroxyurea in 0.5 ml of conditioned medium (DME medium containing 2% fetal calf serum). At the end of incubation, cells were washed with conditioned medium and then incubated at 370C for various periods (0, 3, 6, 9, 12, and 15 hr) in conditioned medium containing 2 mM hydroxyurea but no EGF. The hydroxyurea-containing medium was removed and 0. (18) was used as the cell-synchronizing agent. After the removal ofhydroxyurea, it took about 6 hr for the peak ofDNA synthesis to appear. DNA synthetic activity, measured by the peak height. or area, de-. creased with increasing time of blockage after EGF removal. A plot of DNA synthetic activity at peak hours (incorporation at 4 plus 8 hr after removal of hydroxyurea) against time after EGF removal revealed that the decay was a-first-order process (Fig. 2) . The time required 1for loss of the commitment to DNA synthesis in half of the initially sensitized cells (subsequently referred to as half-life) was approximately 5 hr.
In order to determine. whether hydroxyurea per se had any gross influence upon the decay of induced DNA synthetic activity, other half-life determinations were done using excess thymidine (19) as the cell-synchronizing agent and either EGF or serum as the external stimulant. In the EGF/thymidine experiments, DNA synthesis peaked at about [3] [4] [5] [6] hrafter removal of the excess. thymidine (Fig. 1B) . Here also, decay was found to be a first-order process, and the half-life was the same as in, the EGF/hydroxyurea experiments (Fig. 2) . In the serum/ thymidine experiments, the time required for inactivation of the serum-induced committed state in halfofthe sensitized cells was also.about 5 hr. This suggests that the in vivo decay of induced commitment is not influenced by, these inhibitors.. The alternative, that the decay isaffected to the same extent by both hydroxyurea and thymidine, seems less likely.
The constancy ofthe half-time value (Fig. 2 ) also suggests that the nature ofthe external-inducing agent has no influence upon the stability of the internal committed state and that the same internal state is generated in response to both serum and EGF.
In a control experiment with excess thymidine in which the cells were not treated with any external stimulant, the absence of DNA synthetic peaks clearly confirms the absence ofnuclear replicative activity in a large majority ofthese unstimulated cells (Fig. 1D) .
The time-dependent decay of DNA synthetic activity shown in Figs Fig. 1 were used for these plots. o, EGF/hydroxyurea: incorporation data at 4 and 8 hr after removal of hydroxyurea (Fig. 1A) have been combined in each case and plotted against time after EGF removal. The time plotted is also the hydroxyurea removal time (arrows in Fig. IA) . A, o, Serum/thymidine and EGF/thymidine, respectively: incorporation data at 3 and 6 hr after removal of thymidine (Fig. 1 B.and C) havebeen combined-in each case and plotted against time after stimulant removal, which is also the thymidine removal time (arrows in Fig. 1 Fig. 3 . In this experiment, DNA replicative activity was measured by autoradiographic nuclear labeling. The decrease in percentage labeled nuclei with increasing time after stimulant removal showed the characteristics of a first-order decay, and the half-life was again found to be 5 hr. The decay rate was the same irrespective of the initial degree of a nuclear stimulation and was independent of the development time (24-48 hr) used for autoradiography.
The data shown in Figs. 1-3 were reproducible and representative ofa large number ofdecay experiments in which firstorder decay kinetics (with a half-life of 5 hr) were consistently observed. This close correspondence between data from separate experiments suggests that these kinetic observations are probably true and unlikely to be the results oferrors or artifacts.
The decrease in DNA synthetic ability with increasing time after stimulant removal (Figs. 1-3) was not due to loss of cell viability. Viable cell counts as measured by trypan blue exclusion remained remarkably constant (-90%) over the 40-hr time span of the experiments depicted in Figs. 1-3 . The decrease in synthetic ability was also not due to an irreversible inhibitory effect of hydroxyurea or excess thymidine upon the mitogenic potential of3T3 cells. Cells in which commitment had decayed could be restimulated by fresh serum to enter into the S phase (Fig. 4) . In other experiments in which the cells were exposed to both serum and inhibitor (hydroxyurea or excess thymidine) for prolonged periods (15- 30 hr) , there was no significant decrease in stimulation between 15 and 30 hr of exposure (Fig.   5 ).
DISCUSSION
The following points are worth noting. (a) The cells used in these experiments were synchronously quiescent and density-inhibited (Fig. 1D) transit from >Crit to <Cant. The time taken for this lot ment (>Cc,-t -<Crit transition) for cells having an init is proportional to log (CO/Ccrj). If a rather broad conceni bution is assumed (0.5 a = Cant), relative times for the 84%, 93% -. 69%, 93% -. 50%, 93%-. 31%, and 931 1.5, 2.4, 3, 3.5, and 3.9 time units, respectively (unbrol very narrow distribution is assumed (0.5o-<< Chit, rela the decays 93%-+ 84%, 93%-. 69%, 93% -50%, 93% -. 16% are 0.75, 1.5, 2.25,3, and 3.75 time units, respect line).
(i.e., it showed the characteristics ofa first-order rea 2 and 3). (c) The observed decay of induced DNA s tivity was not due to loss of cell viability. (d) The 1 dent decay of induced DNA synthetic activity re quantal decrease in the number ofcells replicating tl rather than a uniform continuous decrease in DN rate in all the cells (Fig. 3) . (e) The cell-synchron used for decay determinations had no irreversibl effect upon the mitogenic potential of 3T3 cells (Fi Cells in which commitment had decayed could be I by addition offresh external stimulant (Fig. 4) . (f)Ii mitment produced with either EGF or serum (p1 is the principal mitogen in serum) had identical h the half-life was the same irrespective of the type nizer used. These suggest the absence of specif either hydroxyurea or thymidine upon the decay cE ofthe committed state and also suggest the product mon internal state in response to diverse stimuli. have led to the formulation of a model for commiti is discussed in detail below.
Regarding the internal process by which resting (Fig. 7) (1981) 5681 quantity in exponential decay because it gives the time that must elapse for the activity to decay to halfits value. This value is independent ofthe initial activity or the initial number ofcells containing the committed state. As experimentally observed, this value is a constant, independent ofthe initial degree ofstimulation. It appears to be an innate, inherent property ofthe cell type, independent of the external condition used for achieving commitment.
Thus, the results reported here point to the existence on the mitogenic pathway ofa committed but prereplicative state (Fig.  7) . Left to itself under normal conditions, the C* state would lead to a complete round of DNA replication accompanied perhaps by its own dissolution; but in the presence ofinhibitors of DNA synthesis (hydroxyurea or excess thymidine), the state decays, resulting in a transition from nuclear commitment to quiescence. The decay properties ofthis state may be important determining factors in controlling the length of the G1 phase, and it is of interest to determine this decay in various animal cells under different conditions of stimulation.
